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Objective: A novel impaction fracture insult technique, developed for modeling post-traumatic osteoar-
thritis in porcine hocks in vivo, was tested to determine the extent to which it could replicate the cell-
level cartilage pathology in human clinical intra-articular fractures.
Design: Eight fresh porcine hocks (whole-joint specimens with fully viable chondrocytes) were subjected
to fracture insult. From the fractured distal tibial surfaces, osteoarticular fragments were immediately
sampled and cultured in vitro for 48 h. These samples were analyzed for the distribution and progression
of chondrocyte death, using the Live/Dead assay. Five control joints, in which “fractures” were simulated
by means of surgical osteotomy, were also similarly analyzed.
Results: In the impaction-fractured joints, chondrocyte death was concentrated in regions adjacent to
fracture lines (near-fracture regions), as evidenced by fractional cell death signiﬁcantly higher
(P < 0.0001) than in central non-fracture (control) regions. Although nominally similar spatial distri-
bution patterns were identiﬁed in the osteotomized joints, fractional cell death in the near-osteotomy
regions was nine-fold lower (P < 0.0001) than in the near-fracture regions. Cell death in the near-
fracture regions increased monotonically during 48 h after impaction, dominantly within 1 mm from
the fracture lines.
Conclusion: The impaction-fractured joints exhibited chondrocyte death characteristics reasonably
consistent with those in human intra-articular fractures, but were strikingly different from those in
“fractures” simulated by surgical osteotomy. These observations support promise of this new impaction
fracture technique as a mechanical insult modality to replicate the pathophysiology of human intra-
articular fractures in large animal joints in vivo.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Intra-articular fractures are a leading cause of post-traumatic
osteoarthritis (OA)1. Recently, the acute cell-level cartilage
damage involved in intra-articular fractures has been receiving
increasing attention2e8. Death or dysfunction of chondrocytes
necessarily affects cartilage metabolism in injured joints,Y. Tochigi, University of Iowa
n, Iowa City, IA 52242-1100,
530.
Tochigi), pengzhang.med@
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rown).
s Research Society International. Ppresumably triggering a pathological cascade that eventually leads
to OA. Therapeutic treatments that amend this disease process (as
adjuncts to current surgical treatment) hold potential to mitigate
the risk of OA development following intra-articular fractures.
Several types of biologic treatments have proven capable of
preserving the viability and/or function of chondrocytes in cartilage
explants after mechanical or biochemical insult3,9,11,14e16. However,
progress in translation of these scientiﬁc developments into clinical
practice has been limited by the lack of a large animal survival
model that physiologically mimics human intra-articular fractures,
and that is in a size range compatible with surgical procedures
utilized in human clinical settings.
For an animal disease model to be scientiﬁcally valid, patho-
physiological realism is crucial. In the case of intra-articular frac-
ture, this is presumably achievable by fracturing animal joints usingublished by Elsevier Ltd. All rights reserved.
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mechanism of human clinical intra-articular fractures. For this
purpose, a new fracture insult technique is here reported, that
replicates the typical mechanism of human distal tibial plafond
(pilon) fractures. In this technique, the porcine hock joint (human
ankle analog) is subjected to an injurious transarticular compres-
sive force pulse, causing impaction fracture.
The objective of the present study was to determine the extent
to which this new insult modality was capable of replicating the
pathophysiological reality of human intra-articular fractures. For
this purpose, two hypotheses were tested. First, we tested whether
experimental joints insulted using the new impaction fracture
technique would exhibit cell-level cartilage damage consistent
with that in human intra-articular fractures2e4,7,9. Speciﬁcally, this
involved cell-level cartilage damage in the fracture-insulted joints
being characterized by chondrocyte death concentrated near frac-
ture lines. Second, we tested whether fractional chondrocyte death
in these fracture-insulted joints would be signiﬁcantly higher than
that in “fractures” simulated by means of surgical osteotomy, as
often has been used experimentally10e12. In addition, the temporal
and spatial progression of cell death was evaluated for intervals up
to 48 h post-impaction.
Methods
Thirteen fresh hock joints from agricultural pigs (age 9e12
months, weight 120e150 kg) were obtained from a local abattoir.
These specimens, harvested from animal bodies chilled overnight
after euthanasia (following the United States Department of
Agriculture regulations), were insulted within 24 h of animal
death. Soft tissue surrounding the joint was removed, while
leaving the joint capsule and major ligaments intact. Eight
specimens were subjected to the impaction fracture insult, while
the remaining ﬁve were subjected to surgical osteotomy (i.e.,
fracture simulation control).
For the impaction fracture insult, the joint was mounted in
a custom bone anchorage system [Fig. 1(A)]. In this system, an
aluminum impact interface was connected to the talus, using three
external ﬁxator pins (6-mm diameter, Orthoﬁx Inc., Lewisville,
Texas, USA) arrayed in a tripod conﬁguration. Two of these tripod
pins were inserted directly into the talus, from inferomedially,Fig. 1. (A) Schematic of the tripod bone anchorage system for the “offset” fracture impactio
custom drop-tower system for delivering a fracture impaction force pulse.toward the talar body. The third pin was inserted from the calca-
neus to the talus, though the talocalcaneal joint. The tibia was
restrained by a leg holder device, which consisted of a distal tibial
plate and a solid rod. A ball-in-socket joint between the plate and
the rod provided rotational adjustability, allowing the joint to be
aligned appropriately relative to the impact force direction. This
tibial plate was secured to the anterior distal tibial surface by two
pegs on the plate, and by a cortical screw. An external ﬁxator pin
connected the rod to the proximal tibia, in order to maintain pre-
determined inclination of the tibial shaft (approximately 45). This
tibial inclination created an “offset” condition, by means of which
a force pulse applied to the joint caused sudden elevation of vertical
shear stresses in the anterior tibial juxta-articular bone. A stress-
rising sawcut was used to guide the location and orientation of
fracture, to create fracturesmorphologically similar to human ankle
anterior malleolar fractures. This cut was made on the anterior
distal tibial cortex, 2e3 mm distal to the distal tibia plate, using
a bone oscillator (HALL oscillator, ConMed Corp., Largo, Florida,
USA), typically stopping 5e7 mm short of the undersurface of the
subchondral plate.
Thus anchored, the specimen was then mounted in a custom
drop-tower device [Fig. 1(B)], with the tibial side down, and with
the distal impact face carefully aligned with the axis of mass fall.
The tibial potting block was secured to a massive base plate. The
distal impact face was lightly held (using masking tape) as hori-
zontal as possible. A 6.55-kg mass was then dropped from 47-cm
height, delivering approximately 30 J of kinetic energy to the
specimen. (Note: In pilot work, impaction insult in a no-stress-riser
condition at 80 J of energy delivery resulted in morphologically
inconsistent distal tibial fractures, including highly comminuted
fractures inadequate for survival animal modeling.) In the ﬁve
control specimens, simulated “fractures” at the distal tibia were
created, morphologically similar to those from the drop-tower
impactions. In these control specimens, anterior tibial sawcuts
were similarly made, but the simulated “fractures” were ﬁnished
using a surgical osteotome, instead of by a falling mass.
Immediately after fracture creation, the joints were dis-
articulated, and the distal tibial articular surfaces were digitally
photographed to record the fracture morphology. Next, using
sterile technique, major osteoarticular fragments were sampled for
chondrocyte death measurement. Due to the complicatedn technique. (B) A porcine hock specimen mounted using the anchorage system, in the
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mircoscopy of the cartilage surface, large osteoarticular fragments
were dissected into small pieces, with juxta-articular bone being
trimmed away, leaving approximately a 5-mm thickness of
cancellous bone beneath the cartilage layer. From each joint, three
to ﬁve osteoarticular fragments were sampled, with a typical
volume per specimen of approximately 1 cm3. Each osteoarticular
fragment was then secured to a specimen holder [Fig. 2(A and B)],
such that the articular surface near the fracture edge was held
nearly horizontal, by potting in a non-exothermic biocompatible
polymer (Polycaprolactone, SigmaeAldrich, Inc., St. Louis, Missouri,
USA). The potted specimen was then immersed in culture medium
(approximately 80 mL per specimen), comprised 45% Ham’s F-12
Nutrient Mixture, 45% high glucose Dulbecco’s Modiﬁed Eagle
Medium, and 10% fetal bovine serum (all from Invitrogen Co.,
Carlsbad, California, USA), with 1% anti-bacterial/-fungal mixture of
pencicillinestreptomycin (Invitrogen) and amphotericin B (Thermo
Scientiﬁc HyClone, Logan, Utah, USA), in an incubatormaintained at
37C under 5% CO2.
After 48 h of culture, chondrocyte death in these osteoarticular
fragments was assessed using calcein AM for labeling live cells and
ethidium homodimer-2 for labeling dead cells (again, both from
Invitrogen Co.). Prior to analysis, the fragments were soaked in
culture mediumwith these ﬂuorescent stains (at a concentration of
1.0 mM each) for approximately 1 h at 37C. For each joint, scans of
540  540 m2 ﬁelds were executed at several sites adjacent to the
primary fracture (or osteotomy) line (designated as the near-edge
region), as well as at several sites centrally away from fragment
edges in non-fracture areas (designated as the central region). For
these central-region scans, any sites with macroscopically identi-
ﬁable structural damage (e.g., visible superﬁcial cracks) were
avoided. For every near-edge or central site, cartilage in the
superﬁcial zone (i.e., from the articular surface to a depth of typi-
cally 100e150 m) was scanned at 20-m intervals, using a confocalFig. 2. Chondrocyte viability analysis. (A) Specimen sampling from the fractured distal tibia
site selection for the time course analysis. (D) Live/Dead cell counting in the superﬁcial zone
a fracture line.microscopy system (MRC-1024, Bio-Rad Laboratories, Hercules,
California, USA). During scanning (which required 1e2 h), the
specimens were kept immersed in the regular medium at room
temperature.
Of the eight impaction-fractured joints, three were scanned at
multiple time points. From each of these three joints, three osteo-
articular fragments were selected that included a relatively uniform
primary fracture line. At the initial scanning time point (within 2 h
post-impact), for each fragment, two neighboring sites along the
primary fracture line [Fig. 2(C)] were selected, separated by 1 mm.
For all of these paired fracture-edge sites, three contiguous
540  540 m ﬁelds (one including the fracture line, along with the
two next-centrally-adjacent image ﬁelds) were scanned. Typically,
this allowed scanning out to 1.4 mm away from the fracture line.
For each near-fracture site, two central-region sites at least 3 mm
away from the fracture line were also scanned. Of these two groups
of scan sites established for each fragment, one was subjected to
follow-up scanning at 6 and 12 h post-fracture, and the other at 24
and 48 h post-fracture. The xey coordinate information at the
initial scanning was recorded. Based on this coordinate informa-
tion, scans at the later time points were repeated at the identical
sites, using a custom-built programmable microscope xey axis
stage driver (positioning reproducibility < 25 m). After each scan-
ning session, the specimens were washed with Hanks balanced salt
solution (#14170, Gibco-Invitrogen, Grand Island, New York, USA),
containing 1% of the above-described anti-bacterial/-fungal
mixture, after which they were placed into fresh culture media.
The scanned images were analyzed using ImageJ software
(National Institute of Health, Bethesda, Maryland, USA). Image data
for each site/time point consisted of two sets of multi-slice images,
one for live cells labeled by green ﬂuorescence, and the other for
dead cells labeled by red ﬂuorescence. The images, originally in
gray scale, were converted to a binary format, allowing ﬂuorescent-
labeled cells to be counted using the software’s particle analysisl surface. (B) An osteoarticular sample mounted on the specimen holder. (C) Scanning
(within 100e150 m of the articular surface), in 0.2-mm intervals in a region neighboring
Fig. 3. Examples of (A) experimental porcine distal tibial fractures created using the
offset impaction technique and (B) “fractures” conventionally simulated by surgical
osteotomy.
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threshold for the binary conversion was adjusted such that all
plausibly labeled cells were counted, and such that the same cells
were not counted over neighboring multiple slices. The identical
binary conversion threshold was utilized for cell counting for the
corresponding dead-cell image set. The minimum particle size
thresholds for automated cell counting were 50 and 20 m2 for live
and dead cells, respectively. Live and dead cells were counted
separately, and the fraction of dead cells among total cells (frac-
tional cell death) in the region of interest was computed. Confocal
images from multiple-time-point scans in near-edge regions, con-
sisting of three contiguous scan ﬁelds, were parsed into seven
zones in 0.2-mm intervals, and fractional cell death was computed
separately for each zone [Fig. 2(D)].
Differences in fractional cell death between the near-edge and
central regions were analyzed using a logistic regression model
with specimen-random effects (also known as a hierarchical
generalized linear model or a generalized linear model with
random effects), using SAS (Ver. 9.1.3, SAS Institute Inc., Cary,
North Carolina, USA). Speciﬁcally, the fractional cell death data
were treated as “pseudo-binomial” variables, i.e., the relationship
of the mean and variance was assumed to be the same as for
a binomial-variable proportion computed from independent trials
(Appendix). Inclusion of the random effects accounted for within-
specimen correlation, thus allowing conclusions to be generalized
to the population of specimens from which the samples were
considered representative, rather than being limited only to the
speciﬁc specimens evaluated. Thus, the model accounted for the
dependence of the variance of outputs on the true fractional cell
death and on the number of cells, while also accounting for vari-
ability in the fractional cell death across specimens. Therewere four
comparisons of interest; using a Bonferroni correction for multiple
tests to limit the overall type I error to 0.05, these tests were
considered conclusive if P < 0.05/4 ¼ 0.0125. Mean values, 95%
conﬁdence intervals (CIs), and inter-quartile ranges (IQRs) were
reported. For the time-wise analysis, given the small number of
specimens (n ¼ 3), it was not feasible to use the above specimen-
random-effects approach for detecting difference in the time-
dependency of cell death between near-edge versus central
(control) regions at any given time. Instead, six comparisons were
made for each observation time, using two-sample t-tests. These
time-wise comparisons were considered conclusive if P < 0.05/
6 ¼ 0.0083.
Results
At gross morphological inspection, all eight impacted joints
were found to have a distal tibial fracture, with the primary fracture
line running mediallyelaterally, typically in the anterior one-third
of the distal tibial surface [Fig. 3(A)]. In these impaction-fractured
joints, fractional cell death at 48 h post-fracture was measured at
43 near-edge and 72 central sites (total counts across the eight
joints). Time-wise changes in cell death were assessed at nine near-
edge and 18 central sites across three of the eight joints. Simulated
“fractures” in the ﬁve osteotomized joints [Fig. 3(B)] also exhibited
similar gross morphological characteristics. Cell death in these
osteotomized joints was assessed at 36 near-edge and 58 central
sites.
In the 48-h scan data for the impaction-fractured joints (Figs. 4
and 5), the local fractional cell death ranged from 0.6 to 97.1% (IQR:
17.8e46.7) in near-edge regions (typically up to 0.3e0.4 mm away
from a fracture line), and from 0.0 to 26.0% (IQR: 0.5e5.4) in central
regions. The death fraction in near-edge regions (38.1%, CI: 25.7e
52.2) was signiﬁcantly higher (P < 0.0001) than that in central
regions (4.6%, CI: 2.6e7.9). In the osteotomized specimens, deathfraction ranged from 0.0% to 18.7% (IQR: 1.1e9.9%) in near-edge
regions and from 0.0 to 15.9% (IQR: 0.1e1.4%) in central regions.
The death fraction in near-edge regions (4.3%, CI: 2.1e8.6) was
again signiﬁcantly higher (P < 0.0001) than that in central regions
(1.0%, CI: 0.5e2.0). When data were compared regarding the two
insult modalities, for both near-edge and central regions, the death
fraction in the impaction-fractured specimens was signiﬁcantly
higher (near-edge: P < 0.0001; central: P ¼ 0.0009) than in the
osteotomized specimens.
Regarding time-wise analysis (Fig. 6), at the initial scanning time
(within 2 h of fracture), fractional cell death was comparable
between near-edge regions (in this dataset, up to 1.4 mm away
from a fracture line) and central regions, in both of the 6e12- and
24e48-h datasets (P ¼ 0.56 and 0.43, respectively). In both data-
sets, as cell death progressed with time dominantly in cartilage
adjacent to the fracture lines, the difference attained statistical
signiﬁcance at 12 h (P < 0.001), and remained so at 24 and 48 h
(P ¼ 0.0002 and <0.0001, respectively). When distributions of
fractional cell death across the seven 0.2 mm-wide zones adjacent
to the fracture lines were plotted for individual specimen/site
combinations (Fig. 7), distinctly high levels of chondrocyte death
(indicated by fractional cell death exceeding the mean plus two
standard deviations of the control central-region data) were typi-
cally identiﬁed within 1.0 mm of the fracture lines.
Discussion
The present study tested a novel mechanical insult modality
suitable for modeling human clinical intra-articular fractures in
Fig. 4. Confocal microscope images of superﬁcial chondrocyte viability in representative regions adjacent to a fracture line (A) or an osteotomy line (B), at 48 h post-insult. Live cells
are labeled by green ﬂuorescence, while dead cells are labeled red.
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designated as the “offset” impaction technique, was evaluated in
a bench-top setting using fresh porcine hock specimens with
initially full chondrocyte viability. Osteoarticular samples har-
vested from these joints were cultured in vitro and then subjected
to cell death measurement. This ex vivo setting of course did not
incorporate any effects from injury-associated biological responses,
such as intra-articular bleeding and/or synovial inﬂammation.Effect of Insult Modality
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Fig. 5. Chondrocyte viability in the superﬁcial zone, at 48 h after impaction fracture
versus osteotomy, in near-edge regions (typically up to 0.3e0.4 mm away from
a fracture/osteotomy line) and in central (control) regions. The scatter plots indicate
fractional cell death for each specimen/site combination, from the eight impaction-
fractured (Fx) and ﬁve osteotomized (Os) specimens. The ﬁlled squares/diamonds
and dispersion bars indicate (estimated) means calculated in the logistic regression
analysis, and 95% conﬁdential intervals, respectively.While this was a limitation in terms of injury realism, the lack of
these extrinsic biological inﬂuences held the advantage of allowing
study of the isolated effects of mechanical insult to articular carti-
lage. In this culture setting, exposed cancellous bone might have
released molecules potentially injurious to cartilage, but any such
effects would have been consistent across sites, specimens, and
experimental groups. It should be noted that the drop-tower
impaction system utilized in the present study was adopted for
experimental convenience, but was not suitable for fracture insult
to animal joints in vivo. Producing similar insults in survival animal
surgery requires positioning ﬂexibility for attachment to the joint of
interest, while permitting the animal’s body to be held in a position
appropriate for anesthesia and surgical management. These latter
requirements are satisﬁed by use of a pendulum-based impaction
system [Fig. 8(A)], which consistently produces similarly well-
controlled fracture patterns in porcine hocks in vivo [Fig. 8(B)].
Cell-level acute cartilage damage in the impaction-fractured
joints was characterized by chondrocyte death being concen-
trated along fracture lines. This spatial distribution pattern is
analogous to that observed in small (surgical discard) osteoarticular
fragments from clinical fracture cases2e4, as well to as that in
previous whole-joint quasi-in-vivo models that utilized an insult
modality closely replicating the injury mechanisms in human
clinical cases to create “true” intra-articular fractures in the human
ankle7 or the porcine stiﬂe9. The fractional cell death in cartilage
adjacent to fracture lines in the impaction-fractured joints (mean
38.1%, CI: 25.7e52.2) is very consistent with that observed in true
human ankle fractures at the same time-point (25.9%, CI: 18.7e
33.1) in the quasi-in-vivo study7. The present insult protocol
included placement of a stress riser to guide the location and
orientation of fracture. While this stress riser was necessary for
reproducible fracture creation (both morphologically and severity-
wise), use of the stress riser reduced the magnitude of energy
delivery otherwise needed for fracture creation, less than 40% of the
magnitude needed in a no-stress-riser condition in pilot work (i.e.,
30 vs 80 J; unpublished data). Due to lack of ability to reproducibly
create such no-stress-riser fractures, the effects of this energy
reduction on cell death characteristics could not be studied.
However, given the observations noted above, regardless of the
reduced energy delivery, the offset impaction technique proved
capable of introducing experimental articular fractures in the
porcine hock that share pathophysiological characteristics with
human clinical intra-articular fractures.
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Fig. 6. Time course changes of fractional cell death in the superﬁcial zone, in the 6e12- and 24e48-h datasets. The ﬁlled squares indicate the means of fractional cell death in seven
0.2 mm-wide zones in near-edge regions, while the ﬁlled diamonds are for those in central regions, both across nine observation sites in three joints The dispersion bars indicate
95% conﬁdential intervals. Near-edge fractional death values for each specimen/site combination (the means across seven 0.2 mm-wide zones) are also individually plotted.
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cell death preferentially concentrated in regions adjacent to the
“fracture” lines. However, the fractional cell death in these regions
was much smaller (wone-ninth) than that observed in corre-
sponding regions in the impaction-fractured porcine joints, or in
the above-mentioned human ankle quasi-in-vivo model7. This
striking difference suggests that the physical stress to which
chondrocytes were exposed was very different between these two
insult modalities. One possible explanation for this difference is the
extreme instantaneous cartilage deformation during a fracture
event. During impaction, articular cartilage in the contact area
would be highly compressed up until the instant when the
cartilageebone complex fractures, thus building up extremely high
cartilage internal pressure. Once the articular surface fractures,
however, cartilage along fracture lines would abruptly lose but-
tressing effects from the adjunct cartilage, resulting high stress
gradients, leading to abrupt cartilage deformation that would
damage chondrocytes.Spatial Ditribution of Cell Death (12h)
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Fig. 7. Spatial distribution of fractional cell death in the superﬁcial zone, at 12 or 48 h po
conﬁdential intervals of fractional cell death measured separately for seven 0.2 mm-wide z
solid lines indicate the upper limit of normative range (mean plus two standard deviationsThe time-wise analysis characterized the process of cartilage
damage progression in fractured joints. Although fractional cell
death was variable across specimens/sites, relatively linear increase
of cell death with timewas exhibited in regions adjacent to fracture
lines. This observation suggests involvement of active factors in
contributing to the relatively broad (up to 1mm) bands of cell death
along fracture lines. The causeof this cell deathprogressionmight be
fromdelayed apoptosis (resulting directly fromphysical stress at the
instant of fracture), from the cytotoxic effect of biological mediators
released from damaged chondrocytes and/or from the disrupted
extracellular matrix13e15, or both. Although the mechanisms of the
delayedcell deathwerenotexplored in thepresent study, at the time
immediately after injury, some of the dying cells might have been
potentially rescuable. Assuming that the process of disease
progression is similar in clinical intra-articular fractures, experi-
mental articular fractures created in large animal in vivo using the
present offset impaction technique would permit piloting new
treatment strategies (such as cytoprotective intervention16e21) toSpatial Ditribution of Cell Death (48h)
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Fig. 8. (A) Schematic diagram of the pendulum impact device for delivering an impaction force pulse in survival animal surgeries. (B) Lateral radiographs of porcine hock
experimental fractures created in vivo, using the offset impaction technique, in a pilot series (n ¼ 4) of an ongoing survival study.
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Given the relatively monotonic increase of cell death with time, the
best treatment outcome would be expected if such intervention is
applied at the earliest possible time point.
In the present study, the pathology of fracture-associated
cartilage injury was assessed in terms of chondrocyte death in
the superﬁcial zone, characteristics of which in intra-articular
fractures have been well documented in the literature2,7,9. Cell
viability was assessed only by a single technique, the Live/Dead
assay, which did not discriminate the mechanisms of cell death.
A major advantage of focusing only on cell death in the super-
ﬁcial zone was that repetitive measurements at the same sites
enabled longitudinal observations of changes in the cell death
distribution. Unfortunately, as a trade-off, the associated
restriction in specimen positioning (due to specimen potting) did
not permit assessing cell death on cross sections, and patho-
logical details of fracture-associated cartilage damage in deeper
zones could not be explored. In a previous study, Backus et al.9
assessed details of the cross-sectional distribution of cell death
in porcine stiﬂe intra-articular fractures created (ex vivo) by
means of an impaction insult to whole-joint constructs. They
found that cell death in regions immediately adjacent to fracture
lines (within 100 m) was distributed across the entire thickness,
whereas that in the next-neighboring regions (100e200 m) was
concentrated in the superﬁcial zone. Given the similarities of the
fracture insult methodology, similar cross-sectional fractional
death distributions presumably occurred in the present study.Additional key observations by Backus et al.9 were that central
non-fracture regions on fractured surfaces exhibited a relatively
small fraction of cell death, limited to the superﬁcial zone, and
that similar cell death characteristics were found in joints after
an equivalent magnitude of non-fracturing impaction. These
previous observations, along with the relatively small fraction of
superﬁcial cell death in central non-fracture regions in the
present study, suggest that cartilage-on-cartilage blunt impac-
tion is not a major cause of the cell-level cartilage injury seen for
intra-articular fractures.
In conclusion, the offset impaction technique documented in the
present study was capable of reproducibly creating morphologi-
cally well-controlled experimental articular fractures in porcine
hocks. Cartilage damage resulting from fracture-line-controlled
impacts was not noticeably different from that in the existing
knowledge base of non-fracture-line-controlled impacts (e.g.,
clinical intra-articular fractures), but strikingly different from that
associated with surgical osteotomy. Given that the offset impaction
technique is applicable to fracture insult in vivo, this novel insult
modality holds promise for replicating the pathophysiology of
human intra-articular fractures in a large animal survival model.
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Appendix
Differences in fractional cell death between the near-edge and
central regions were studied using a logistic regression model, with
specimen-random effects. Inclusion of the random effects accounts
for within-specimen correlation, thus allowing conclusions to be
generalized to the overall population of specimens of which our
sample can be considered representative, rather than being limited
only to the specimens used in this particular experiment. Let Yijkl
denote the fraction of dead cells observed at site l in specimen i at
location level j (j ¼ 1 if near-edge, 2 if central) subjected to insult
type k (k ¼ 1 if impaction fracture, 2 if osteotomy). For a given
specimen, insult type, and location level, the Yijkl are assumed to be
independent across sites with mean Pijk and variance Pijk[1  Pijk]/
nijkl, where nijkl is the total number of cells corresponding to Yijkl.
Thus we are treating Yijkl as a “pseudo-binomial” variable, in the
sense that we assume the relationship of its mean (i.e., probability
of cell death) and variance is similar to that for a binomially-
variable proportion. Our motivation for this approach is as
follows: Although the fractional deaths are not true binomial
variables (because they do not represent the ratio of a count over
a total number of independent Bernoulli trials), they are similarly
computed and bounded (by 0 and 1). See McCullagh and Nelder22
for a discussion of this approach.
The Pijk are modeled by the equation
logit

pijk

¼ mjk þ siðkÞ; i ¼ 1;.;nk; j ¼ 1;2; k ¼ 1;2
where logit(Pjk) ¼ log[Pjk/(1  Pjk)], the mjk are ﬁxed effects, n1 ¼ 8
and n2 ¼ 5 are the number of specimens subjected to impaction
fracture and osteotomy, respectively, and the si(k) are random
effects (corresponding to specimens nested within insult type) that
are independently and normally distributed with zero mean. This
model allows the probability of cell death to depend on region
(near-edge vs central) and to vary across specimens, with the
population probability of death for location j and impact level k
given by exp(mjk)/[1 þ exp(mjk)].
In summary, this model accounts for the dependence of the
variance of the fractional cell death on the true proportions and the
number of cells, and accounts for variability in the rates across
specimens. Other names for this model are hierarchical generalized
linearmodel and generalized linearmodel with random effects; seeRaudenbush and Bryk23 for a further discussion of such models. We
ﬁtted this model using PROC GLIMMIX in SAS (Ver. 9.1.3, SAS
Institute Inc., Cary, North Carolina, USA), with a logit link function
and a binomial variance function. Pearson residual plots supported
the use of the binomial variance function.
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